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From kinetic Vlasov equation for collisional plasmas distribution function in square- 
law approximation on sizes of intensivities of electric fields is received. The known 
integral of collisions of relaxation type, so-called BGK (Bhatnagar, Gross, Krook) 
integral of collisions is considered. The formula for calculation electric current at any 
temperature (any degree of degeneration of electronic gas) is deduced. This formula 
contains an one-dimensional quadrature. 

It is shown, that the nonlinearity account leads to occurrence the longitudinal 
electric current directed along a wave vector. This longitudinal current is orthogonal 
to a known transversal classical current, received at the linear analysis. 

When frequency of collisions tends to the zero, all received results for collisional 
plasmas pass in corresponding formulas for collisionless plasmas. 

The case of small values of wave number is considered. It is shown, that the 
received quantity of longitudinal current at aspiration of frequency of collisions to 
zero also passes in corresponding expression of current for collisionless plasmas. 
Graphic comparison of dimensionless quantity of current depending on wave number, 
frequency of oscillations of electromagnetic field and frequencies of electron collisions 
with plasma particles is carry out. 


BBEAEHME 

B HaCTOSimeH pa6oTe BbIBOfl5ITC5I cJlOpMyjIbl ,I],JI5I BbIHHCJieHHSI SJieKTpHHe- 
CKoro TOKa b CTOJiKHOBHTejibHoii njiasMe OepMH—,II,HpaKa. 

ripH pemeHHH KHHeTHHecKoro ypabHenHsi Bjiacoba, onncbiBaioinero noBe- 
flenne njiasMbi, mbi y^HTbiBaeivi kbk b pa3Jio>KeHHH (JiyHKpHH pacnpeflejieHHH, 
TaK H B pa3JIO>KeHHH BejIHHHHbl CaMOCOBJiaCOBaHHOrO SJieKTpOMarHHTHOrO 
nojiH BejiHHHHbi, nponoppHOHajiBHBie KBa^paTaivi Hanp5i>KeHHOCTeH BHeniHHx 
sjieKTpHHecKHx nojieii h hx npoH3BefleHHK). 

ripH TaKOM HejiHHeiiHOM noflxofle OKa3biBaeTC5i, hto sjieKTpHHecKHii tok 
HMeeT ,i],Be Henyjiebbie KOivinoHeHTbi. O^na KOMnoneHTa sjieKTpHHecKoro Toxa 
HanpabjieHa bflojib HanpsixceHHOCTH sjieKTpHxecKoro noji5i. 9Ta KOMnoneHTa 
sjieKTpHxecKoro noji5i totho Taxasi xce, xax h b jiHHeiiHOM aHajiH3e. 9to "no- 
nepeTHbiii'' tok. TaKHM o6pa30M, b jiHHeiiHOM npH6jiH>KeHHH mbi nojiyTaeivi 
H3BecTHoe BbipaxceHHe nonepexHoro sjieKTpHxecKoro Toxa. 


BTopaa HeHyjieBaa KOMnoneHTa sjieKTpHHecKoro TOKa HMeeT BTopoii no- 
p5IflOK MajIOCTH OTHOCHTejIBHO BejIHHHH Hanp5I>KeHHOCTeH SJieKTpHHeCKHX BO- 
jieii. BTopaB KOMnoneHTa sjieKTpHBecKoro TOKa HanpaBjieHa b^ojib bojihobo- 
ro BeKTopa. 3tot tok opToroHajien nepBOH KOMnoneHTe. 3to ''npoflOJiBHBiii'' 
TOK. 

riOBBJieHHe npOflOJIBHOrO TOKa BbI5IBJI5ieTC5I npOBefleHHbIM HejIHHeftHblM 
anajiHSOM BsaHMOfleiicTBHB sjieKTpoiviarHHTHBix nojieii c njiasMOii. 

HejiHHeHHBie 34)4)eKTbi b njiasMe HsyBaiOTCB yxce fljiHTejiBHoe BpeiviB [3]- 

0 , 

B paGoTax fB] h j5] HsyBaiOTCB HejiHHeHHBie 34)4)eKTBi b njiasMe. B pa- 
6oTe |5] HejIHHeHHBIH TOK HCnOJIBSOBajICB, B BaCTHOCTH, B BOnpOCaX BepOBT- 
HOCTH pacnaflHbix npopeccoB. Otmothm, bto b paGoTe jlj yKasbiBaoTCB na 
cymecTBOBaHHO HejiHHeiiHoro TOKa b^ojib bojihoboto BOKTopa (cm. (]3opMyjiy 
(2.9) H3 [1]). 

KBaHTOBaB njiasMa HsyBajiacb b paGoTax 0- m - CTOJIKHOBHTCJIbHaB 
KBaHTOBaB njiasMa nanajia HsyKaTbCH b paGoTC MepMHHa [15]. Bbtcm KBan- 
TOBaa CTOJiKHOBHTCJiBHasi HjiasMa HsyKajiacB B HaniHx paGoTax [I6]- |2Q|. Ha- 
MH HsyKajiacB KBanTObasi CTOJiKHOBHTCJiBHasi njiasMa c nepcMCHHOH nacTO- 

TOH CTOJiKHOBCHHH. B paGoTax [21] “ [23] Gbijio HccjicflOBano renepHpoBaHHe 
npoflOJiBHoro TOKa nonepcKHbiM 3JieKTpoMarHHTHBiM nojiCM b KjiaccHKecKOH 
H KBaHTOBOH BJiaSMC OcpMH—^HpaKB [21], B MaKCBCJUIOBCKOH HJiaSMC [22] H 
B BBipOXCfleHHOH BJiaSMC [23] . 

VKaxccM eipe na psifl paGoT no njiasMC, b tom nncjie n KBanTOBon. 3to 
paGoTbi [in]- [H]. 

B HacT05ini,eH paGoTC paccMaTpnBacTcn KjiaccnnecKan njiasMa npn npo- 
HSBOJiBHOH TCMnepaType, to-cctb npn nponsBOJibnon CTcnenn BbiponcflCHnn 
3JieKTpoHHoro rasa. B njiasMC pacnpocTpanniOTcn flBa BHemnnx ojiCKTpoMar- 
HHTHBix nojin. TpeGycTcn naiiTH otkjihk njiasMBi na 3th flba nojin. fljin ototo 
pemacTcn ypaBnenne Bjiacoba—BojibpMana mcto^om Majioro napaMCTpa. B 
KanecTBC nnTerpajia CTOJiKHOBennii ncnojibsycTcn MOflCJib pejiaKcapnonnoro 
Tnna, tbk nasbiBaeMBin nnTerpaji CTOJiKHOBCHnn BBK (BxaTnarap, Bpocc 
H Kpyn) (cm., nanpnMcp, [T] n [2]). B KanecTBC Majibix napaMCTpoB pac- 
CMaTpHBaiOTcn BejinnnHbi HanpnxceHHOCTen ojiCKTpnnecKHx nojien. IlocTpo- 
ena cj^ynKpHn pacnpeflejiennn ojicktpohob njiasMbi. 3Toro ncnojibsycTcn 
KBaflpaTHnnoe (no CTcnenn Majibix napaMCTpob) pasnoxcenne (]3ynKn,nn pac- 
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npeflejieHH5i h HHTerpajia CTOJiKHOBenHii. 

OyHKii,H5i pacnpeflejieHH5i HcnojibsyeTCsi fljia BbiHHCJieHH5i sjieKTpn- 
HecKoro TOKa b njiasivie. OKasajiocb, hto reHepHpyeivibiH flByiviH sjieKTpoiviar- 

HHTHblMH nOJI5IMH SJieKTpHHeCKHH TOK B njiaSMB HMeBT, KBK y>Ke yKaSblBB- 
jiocb, flBe HenyjieBbie opToroHajibHbie KOivinoHeHTbi. O^na KOMnoneHTa — sto 
HSB ecTHbiH nonepeHHbiii tok. 3tot tok Bbi5iBji5ieTC5i npn jiHHeftHOM anajiHse 
c noMombK) jiHHeHHoro pa3Jio>KeHH5i 4)yHKii,HH pacnpe^ejieHHsi h HHTerpa¬ 
jia CTOJiKHOBeHHH. KBa^paTHHHoe pasjiOHceHHe 4)yHKH,HH pacnpeflejieHHH h 
HHT erpajia CTOJiKHObenHii ne BjinneT na BejiHHHHy h nanpaBjieHHe jinneiiHO- 
ro HonepeHHoro TOKa. Homhmo jiHHeHHoro TOKa HejinneftHbiH anajiHS oSna- 
pyncHBaeT cyrpecTBOBaHHe npoflOJibHoro sjieKTpHHecKoro TOKa, opToronajib- 
Horo HSBecTHOMy KjiaccHHecKOMy TOKy. 3 tot npoflOJibHbiii tok coctoht h 3 
Tpex H onpeflejineTCH KBa^paTaiviH HanpHncenHOCTeft sjieKTpHnecKHx nojieH 
H npoH3BefleHHeM hx nepBbix CTeneneH. HepBbie flBa cjiaraeivibix npoflOJibHO- 
ro sjieKTpHHecKoro TOKa (nponoppHOHajibHbie KBa^paTaivi HanpHHceHHOCTeH 
sjieKTpHHecKHx HOJieH) HMeiOT TaKyio Hce CTpyKTypy, hto h b cjiynae OflHoro 
SJieKTpHHeCKOrO TOKa (cm. [21] )■ IlpHHpHnHajIbHO HOBbIM COCTaBJIHIOIUHM TO- 
KOM HBjiHeTCH TBK Ha3biBaeMbiH "nepcKpecTHbiH'' TOK. 3 to cjiaracMoe, npo- 
HOppHOHajIbHOe npOHOBCflCHHIO HanpHnCCHHOCTCH OJieKTpHHCCKHX HOJICH. 

B 3aKjiiOHeHHe CTaTbH npHBOflHTcn rpacJiHHecKHH anajiHO "nepcKpecTHO- 
ro” TOKa: npHECflCHbl rpacJiHKH flCHCTEHTejIbHOH H MHHMOH HaCTH 6e3pa3- 
MepHoro nepcKpecTHoro TOKa b oaBHCHMOCTH ot bcjihhhhbi bojihoboto HHCJia 
OflHOH H3 OJICKTpHHeCKHX BOJIH HpH pa3JIHHHbIX BHaHCHHHX XHMHHCCKOrO HO- 
TCHpHajia, HaCTOTbl CTOJIKHOBCHHH H BOJIHOBOTO HHCJia BTOpOH H3 OJICKTpH- 
HeCKHX BOJIH. 

1 yPABHEHME BJIACOBA BOJIEUMAHA 

rioKaxceM, HTO B cjiynae KjiaccHHecKOH njiaoMbi, onHCbmaeMOH ypaBHCHH- 
CM BjiacoBa, renepHpyeTCH npoflOJibHbiH tok h bbihhcjihm ero hiiothoctb. Ha 
cyrpecTBOBaHHe OToro TOKa yKaobiBajiocb Gojiee nojiyBCKa TOMy Haoafl [2|. 

Boobmcm ypaBHCHHC BjiacoBa, onHCbmaioinee noBe^CHHe ctojikhoehtcjib- 
HOH HjiaoMbi c HHTcrpajiOM CTOJIKHOBCHHH BBK (BxaTHarap, Bpocc h KpyK) 

§[ + + e(Ei + E2 + i[v,Hi + Hd)g = H/e, - /)• (l-l) 
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B ypaBHeHHH (1.1) / - 4)yHKu,H5i pacnpeflejieHH5i sjieKTpoHOB njiasMBi, 
Ej,Hj [j = 1, 2) - KOMnOHeHTBI SJieKTpOlViarHHTHOrO nOJI5I, C - CKOpOCTB 
CBBTa, p = mV - HMnyjIbC SJieKTpOHOB, V - CKOpOCTb SJieKTpOHOB, 1/ - 34)4)eK- 
THBHaH HaCTOTa CTOJIKHOBeHHH SJieKTpOHOB C HaCTHU,aMH BJiaSMBI, 4)yHKU,H5I 
pacnpeflejieHHH sjieKTpoHOB OepiviH—^Hpaxa, /eg(i‘, v) (eq= equilibrium) - 
jiOKajiBHO paBHOBecHoe pacupeflejieuue Oepiviu—^upaua, 



3q,ecB £ = mv‘^/2 - suepruu sjieKTpouoB, p,(r) - xHMHuecKHu uoTeupuaji 


sjieKTpoHHoro rasa, ks- uocTOuuuau BojiupMaua, T - TeMueparypa ujiasMbi. 

JloKajiBHO paBHOBecHoe pacupeflejieuue Oepiviu—^upaua 6yq,eM hcuojib- 
soBaTB c bespasMepuBiMH uapaivieTpaMH b Bu^e 


/eg(r, P) = [1 + exp(p2 - a(r))] 


3q,ecB P = P/pt ~ bespasMepuBiii uMuyjibc sjieKTpouoB, px = muy, 
vt - TeujiOBau CKopocTB sjieKTpoHOB, Q;(r) - bespasMepuBiH xuiviHuecKHu 
uoTeupuaji, ksT = Sy - TeujioBau KUHeTuuecKau suepruu sjieKTpouoB, 



Huxce uaivi nouaflobuTcu abcojuoTuoe pacupeflejieuue Oepiviu—^upaxa /o('y) 
c nocTOUHHbiM xHMHuecKHM uoTeuquajiOM, 



rq,e a = const. 

ByfleM cuHTaTB, uto b ujiasMe uivieeTCu q,Ba sjieKTpoMarHUTHbix nojiu, 
Kaxcfloe US KOTopbix upeflCTaBjiueT coboii beryipyK) rapMOHuuecKyio BOJiuy c 
BOJIHOBBIM BeKTOpOM kj H UaCTOTOH KOJiebaHHH UJj\ 


Ej = j = 1, 2. 


HanpuxceuHOCTu sjieKTpuuecKux u MaruHTUbix nojieii CBusaubi Me>Kq,y co- 
6 oh uepes cooTbeTCTbyiorpHe BeKTopubie uoTeupuajibi sjieKTpoMarHUTHbix 


uojieu: 



c dt 
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By^eivi CHHTaTb, hto BeKTopHbiii noTenpHaji sjieKTpoMarHHTHoro noji5i 
Aj(r,t) opToroHajien bojihobomy BeKTopy kj, T.e. 

kj • Aj(r,i) = 0, j = l,2. 

3t 0 SHaHHT, HTO BOJIHOBOH BBKTOp ky OpTOrOHajIBH Hanp5I>KeHHOCT5IM COOT- 
BeTCTByiomHx sjieKTpHHecKHx H MarHHTHbix nojieH: 


kj • i) = kj • Hj(r, t) = 0, j = 1, 2. 


onpeflejieHHOCTH Gy^eivi CHHTaTb, hto BOJiHOBbie BexTopbi oSenx no- 
jieii HanpaBjieHbi b^ojib och x, a sjieKTpoiviarHHTHbie nojiH HanpaBjienbi BflOJib 
OCH T.e. 


k^- = %(1,0,0), Ej = Ej{x, i)(0,1,0). 


C jieflOBaTejibHO, 



H, = • (0,0.1) 

UJj 


Id^ _ 

c dt c 

E rC • 

[v, H •] = ^Ej ■ {vy, 0 ), 

Uj 


E, = Eyix, t) = = 1,2), 


e I E, + -[v, Hj] ) ^ = e— kjVy^^ + {ujj - kjVx) 


c 


dp ujj 


'dp:i 


dpy 


a TaKxce 


xj 1 ^/o n ^/o 

— = 0, Tax KaK ~ V. 


Tenepb ypaBHeHne (1.1) moxcho npeflCTaBHTb b cjieflyioineM BH^e: 

■ -I- 11^—— -\- iy\ f — = —p ^ 

dt 


% + v.^ + I'll - u = -« E f 


( 1 . 2 ) 


PaccMOTpHM jiHHeapHsapHK) jioKajibHO paBHOBecHoii 4)yHKii,HH pacnpefle- 
JieHH5I 

feq{P, x) = fo{P) + g{P)6a{x), 


r^e 


P^-al -1 


MP) = [1 + -“] 
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a{x) = a + 5a{x)^ a = const, 


g(P) = 


dh(P) 


,P^-a 


da (1 + 
ypaBHCHHC (1.1) MO^KCT 6bITb nCpCnHCaHO b bHflC 

+ + -[/ - /o] = -e y - [kjVy^^ + - k,v.) 


dpy\ 


+ 


J = J 

+ug{P)5a{x). (1-3) 

BejiHHHHa 5a{x) MO>KeT Gbitb Haftflena ns saKona coxpaHeHnn nncjia na- 

CTHU, 

f(f _f)J^ = o 

Ms OToro saKona coxpaHenHn mbi nojiynaeivi 

6a{x) [g{P)^^^= [if - ^ 


{27rhy 


{27Thy 


OTCIOfla HaXOflHM, hto 


Sa{x) = 


[/ - h(p)]d^p 
[ g{P)SP 


SaMCTHM, HTO 

[ g{P)SP = 2ti 


OO 


dP 


OO 


dP 


1 + 


= TT 


1 + 


= 7r/o(a), 


r^e 


OO 


/o(a) = 


dP 


— OO 


CjicflObaTCJibHO 


5a{x) = 


1 + e^^- 


1 


= 2 


dP 


l + eP^-^' 


[/ - h(P)]<pp. 


7l'/o(«) 

ypaBHCHHC (1.3) MOHCCT 6bITb HpCoGpaSObaHO TCHCpb K HHTCrpajIBHOMy 
ypaBHCHHK) 

2 


f+y S 


UJj 
J=l J 


+ 
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+‘'9(P)-^, fU- MP)]d^P- 

7 rfo{a) J 

2 nEPBOE nPMBJlM>KEHME 


(1.4) 


Tenepb fleiicTByeM MGTOflOM nocjieflOBaTejibHbix npH6jiH>KeHHH, CHHTa55 
MajibiMH napaivieTpaMH BejiHHHHbi Hanp5i>KeHHOCTeH sjieKTpHnecKHx nojieii 
El H E2. By^eivi HCxaTb pemeHne ypaBHeHHH (1.4) b BH^e 

/ =/o(P) +/i + A, (2.1) 


rfle fi - jiHHeftHaH KOiviSHHapHsi nepBbix CTeneHeii sjieKTpHHecKHx bojih, a /2 
- BejiHHHHa nepBoro nopsiflKa MajiocTH OTHOCHTejibHO /i. 

Tenepb ypaBnenne (1.4) c noMoni,bK) (2.1) SKBHBajienTHO cjieflyK)ni,HM ypaB- 
nennsiM 


5/1 dfi 

+ Vx— + l^Jl = 


dt 


= - E f 


j=i 


dx 
dfp - 

dpy} 


fid^P. (2.2) 


H 


5/2 , r 


di 




= -E^ 


■ 1 

j=i j 


dfi 


dx 
dfi 


' 'dpy 


+ ^g{P) 


7r/o(a) 


f2d^P. (2.3) 


B KanecTBe fi Bosbivieivi 


/i = Eipi + E2P2, 


(2.4) 


Ms ypaBHeHHn (2.2) c noMoni,bK) (2.4) nojiynaeivi flBa ypabneHnn 


—e- 


(jJi 


dfo 


[v — iujj + ikjvfipj = 

dfo' 


+ i^j - + ^9{P)d^ji j = 1 , 2 . 

. ^dp:, dpy\ 


S^ecb 




1 


7r/o(Q( 


J Pjd^P, j = l,2. 


(2.5) 

( 2 . 6 ) 
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BBe^eM GespasMepHbie napaivieTpbi 

LOn V 


kxVT' 


y 


yj 


k. 


kx'Vj' kx 

S^ecb Qj - GespasMepHoe bojinoboe hhcjio, kx = mvT/h - Tenjioboe boji- 
HOboe HHCJio, - 6e3pa3MepHa5i nacTOTa KOJie6aHHH sjieKTpoMarHHTHoro 
nojiH Ej, y - 6e3pa3MepHa5i HacTOTa CTOJiKHObeHHH sjieKTpoHOb c nacTHpa- 
MH njia3Mbi. 

B ypabHeHHH (2.5) nepeiipeM k 6e3pa3MepHbiM napaivieTpaM. B pe3yjibTaTe 
nojiynaeM ypabHenne 

K(l]Px - Zj)(Pj = 
e 


krPTVT^j L 


p ^/o , .Q P\ 


dPy} 


+ yg{P)Aj. 


(2.7) 


Bpecb 


Zj = flj + iy = 


SaiVieTHM, HTO 


dfo 

dP^ 


P. 


ujj + iiy 
kxVT 

dfo 
dP, 


2 = 1 , 2 . 




~p,. 


CjiepobaTejibHO 


dp ^j^x)' 


dP, 


= n. 


dfo 

dP, 


Tenepb h 3 ypabHeHH5i (2.7) HaxopHM, hto 

le dfo/dP, 


Pi = 


y ^y.^APA, 


krPTVT QjPx-Zj ^ QjPx-Zj"’ 


(2.8) 


nopcTabji5i5i (2.8) B ypabHeHHe (2.6), nojiy^aeM paBencTbo 

. f g{P)d^p\ le fdfo/dP, 


-4i 7Tfo{a) + iy 


PP. 


QjPx - Zj J krPTVT J qPx- Z 

JlerKO BHpeTb, hto HHTerpaji b npaboft hbcth SToro pabeHCTba paben ny- 
jiK). CjiepobaTejiBHO, 

= 0 . 

TaKHM o6pa30M, corjiacHO (2.8) 4)yHKLi,H5i fi nocTpoena h onpepeji5ieTC5i 
pabeHCTBOM 


fi = 


le 


kxPT^T 


E^ 


Eo 


qiPx - Zl q 2 Px - Z 2 


dfo 

dP, 


(2.9) 





























3 BTOPOE nPMBJlM>KEHME 


B npaBoii nacTH ypaBHeHH5i (2.3) nepeiifleM k 6e3pa3MepHbiM napaMeT- 


paM: 


df2 , df2 


dt 


+ V 


dx 


+ vh - vg(P) 




hSp = 



(3.1) 


BiviecTO fi B ypaBHeHHe (3.1) noflCTaBHM (2.9). llojiyHHM ypaBHeHne 

f2dX = 


dh , 9/2 / p2 1 


dt 


dx 


7r/o(a) 


le" 


El 


krPr'^T I Bi 
, E1E2 


9fo/9Py ^ ^ Bi - qiPx d^fo 


dPj; \qiPx- ziJ qiP:, - zi dP^ 


+ 


E1E2 




3 

Bo 


/ dfo/dPy \ Qi - _ d^fo 

^dPx \q 2 Px - 2)2 2 92Px - ^2 dP^ 

^^p^ ^ dfo/dPy ^ B 2 - 92Pr d‘^fo 


q2Py 


'dPSqiPx-zJ qiPx-zi dP^ 

d / dfo/dPy \ B 2 - 92Px d‘^fo 


+ 


+ 


+ 


(3.2) 


^dP,\q 2 Px-Z 2 J q 2 Px-Z 2 dP^ 

B jieByio HacTb ypaBHeHH5i (3.2) noflCTaBHM bmccto p BBipa>KeHHe 

/2 = EiVi + E 2 P 2 + EiE2po- (3.3) 


riojiyHHM TpH ypaBHeHH5I 


{u — 2iujj + 2ikjVx)'4’j ~ ^9{P) 


7Tfo{a 


'i/jjd^P = 


le 


1 


krp^VT Bj 


qjPy 


d ( dfo/dPy \ Bj - qjPx 5Vo 


+ 


H 


dPx yqjPx - ZjJ qjPx - Zj dP^ 

1 


(3.4) 


u - i{uji + a;2) + pP + k2)vx]'ipo - izg{P) 


7r/o(a) 


poPP = 
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le 




dfo/dPy ^ ^ - qiPx d^fo 


krPr'^T 1^1 ^ dPx ^ q2P, 


Z2 


q2Px-Z2 dP^ 


+ 


1 ^ / dfo/dPy \ ^2 - q2Px d^fo 

^^2 p ^dP, KqiP, - ZiJ ^ qiP, - Zi ■ dP^ 

Ms ypaBHeHHH (3.4) naxo^HM: 


(3.5) 


'^j = - 


ly 


9{P) 


2 qj Px z 




2k‘^p^v‘^ Qj 


qjPy ^ "l I ~ 


1 


rfle 


dPx^qjPx Zj J qjPx Zj k)Py qjPx z 

(jjj P iv12 
kTVT 


7. (3.6) 


' _ o , - 

Za — Qj -\ — — 


UJa 


+ I 


V 


kTVT 2kTVT 


Bj = 


7r/o(a) 

Ms ypaBHeHH5i (3.5) HaxoflHM: 


'ijjjd^P, 


J = l,2. 


(3.7) 


/ W 9{P) D 
= “IT • - -,Bo — 


2k‘^p‘^v‘^ I ill 


qiPy 


2 qPx - z'' 
d / dfo/dPy \ Qi-qiP^ d‘^fo 


+ 


dP:^\q2Px - Z2 2 q2Px-Z2 dP^ 


+ 


1 

Sflecb 


^ d (dfo/dPy \ ^ Q 2 - q2Px d^fo 

Q2-P^y rx T-» I T-» I I 


'dPx \qiPx - 


^1 


qiPx-Zi dP^ 


1 


qPx - z' 


z 


r^l + ^2 p W LVi p ljJ 2 P iy z'l + Z 2 
2 2kTVT 2 

qi Pq2 hP k2 


q 


2kT ’ 


(3.8) 


Bn = 


7Tfo{a 


'iJjod^P. 


(3.9) 


Haxoxc^eHHsi Bj noflCTaBHM (3.6) b (3.7). Mojiy^HM ypaBHenne 

P)d^P 


B. 



ijl f 9{P)d^P \ ^ 


1 


2 J qjPx — zy 2k‘^p‘^v‘^ Qj J qjPx — z'- 
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Sflecb 


^jj 


P) — QjPy 


d ( dfo/dPy ^ ^ Qj - QjP^ _ 

qjP:, - Zj dP^ ■ 


dPx ^QjPx 


+ 


06o3HaHHM flajiee: 


Jj = 


g[P)d?P 


J ’ 


j QjPx 

Ms npeflbiflymero ypaBHenHsi HaxoflHM: 

^2 




"jj 


P)d^P 


QjPx Zj 


Bj = 


rfle 


Ij 


2k^p^Vj. 


i Jjj 


2 .,2 ‘ 


^fo{a) + ^Jj 


( 3 . 10 ) 


CorjiacHO (3.6) Tenepb nojiynaeivi: 


ijj = 


2ktp: 


2 2 


ly 


9(P) 


1 


"JJ 


;{P) 


2 qjPx - z'i qjPx - z'j 


( 3 . 11 ) 


Haxo2KfleHH5i Bq noflCTaBHM (3.8) B (3.9). MojiyHHM ypaBHeHHe 

D 6 $ ^ \ , '^y f 9{P)d^P\ 

Bo(-/o(a) + yy = 

E2l{P)d^P 


2k‘^p^v‘^ 


1_ r Ei2(P)d^P 1 _ 

J qPx - z' kl 2 J qPx - z' 


S^ecb 


-12 


P) = qiPy 


d ( dfo/dPy \ Qi- qiP^ d^fo 


+ 


dP^ \q 2 Px - Z2 2 q2Px - Z2 dP^ ’ 




OGosHavHM 


dPj: \qiPx - ziJ - 2)1 dP^ ■ 

g{P)SP 


H 


-^12 — 


-12 


Jn = 


P)SP 


qPx - z' 


qPx - z' ’ 


-^21 — 


-21 


P)d^P 


qPx - z' 
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Tenepb h 3 npeflbiflymero ypaBHeHH5i HaxoflHM: 


Be 


2k‘ip: 


2 2 ' "^ 0 ) 
^ Vn 




r^e 


^'^12 + ^2 ^'^21 

7r/o(«) + 


-1 


70 


CjieflOBaTejibHO, (]3yHKLi,H5i iIjq nocTpoena: 


(3.12) 


^0 = 


2k‘^p^v‘^ 


ly g{P) 

2 qBx z 


n 


-1: 


72 


p) + n 2 "‘S 2 i(P) 


qPx - P 


(3.13) 


OyHKu,H5i pacnpeflejieHHH bo BTopoM npH6jiH>KeHHH no nojiio nocTpoena 
H onpeflOJineTcn paBoncTBOM (2.1), b KOTopoM 4)yHKn,H5i fi onpeflOJineTcn 
paBOHCTBOM (2.9), a 4)yHKLi,H5i /2 onpeflOJineTcn paBoncTBOM (3.3), b KOTopoM 
4)yHKi[,H5i ifjj onpeflejinoTcn paBoncTBOM (3.11), a 4)yHKii,H5i 'i/jq - paaencTBOM 

( 3 . 13 ), 

BbinnmeM 4)yHKn,HK) /2 b 5ibhom Bn^e: 


/2 


2k^p‘^v^ 



I w_ gjP) 

y 2 QjPx - Z'j 


QjPx-z'^ ) 


^E\E2 



gjP) 

qPx - z' 


Q 


-ii 


72 


p) + n 


-B 
2 " 


71 


qPx - z' 


(3.14) 


4 HAXO>KAEHME CTOJIKHOBMTEJIEHEIX KOHCTAHT 


Oopiviyjibi fljin Bbinncjiennn KoncTanT jj n 70 , BOSHHKaromnx ns-sa najin- 
nnn nnTerpajia CTOJiKHOBOHnn, ynpocTHM, CBO^n TpexMopnbie HHTerpajibi k 
OflHOMOpHblM. 

HannoM c KoncTanTbi 7 ^. MivieeM: 

^ f Ejj(P)d^P 

" J qjP. - z'^ 


qjPy 


d ( dfo/dPy \ Qj- qjP, 


dPx^qjPx Zj J qjPx Zj 


+ 
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SaMeTHM, HTO BHyTpeHHHii HHTerpaji no nepeMennon Py ot BToporo cjia- 
raoMoro paaen nyjiio: 


OO 


— CX) 


dpf ^ ~ dP„ 


Py= + 0O 


= 0 . 


Py= — 0 O 


Cjie^OBaTejiBHO, nnTerpaji Jjj paaen: 

7 ,,=„, fp ^ ( 9MdPy \ <eP 

33 13 J V gp^\q.p^- Zj) QjP^c- 33 'j' 

BnyTpeHHHH nnTerpaji no nepeMennon aainncjinM no nacTnM: 

00 00 

r d ( dfo/aPy \ p,dp, r idfo/aPyjdP, 

J dPx ^ IjPx - IjPx - 33 'j * J {qjPx - z'jYiqjPx - ZjY 

— 00 —00 

CjiefloaaTejiano, nnTerpaji Jjj panen: 

_ , f p,idf„/ap„]Sp 
" (ijPx - ^'jYiljPx - ^3) 

BnyTpennnn nnTerpaji no nepeMennon Py nponnTerpnpyeM no nacTnM: 


P«^dP„ = Pyh 


— OO 


y 


Py= + 00 OO 


Py— OO _QQ 


OO OO 

I h(P)dPy = - j fo(P)dPy. 

-OO —OO 


CjieflOBaTejibno, nnTerpaji Jjj panen: 


/.. = -„2 f MP)d^P 

" J ((I3PX - z'jY(qjPx - ZjY 

BnyTpennnn nnTerpaji b njiocKOCTn [Py^P^) BbinncjiHM b nojinpnbix ko- 


opflnnaTax: 


OO OO 

j j MP)dP„dP, = 3Tln(l + 

— OO —OO 


0 . 


CjieflOBaTejiBBO, nnTerpaji Jjj paaen: 

ln(l + 


Jjj = 


W {Qj^ - z'^yiqjT - Zj)' 

— OO 
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TaKHM o6pa30M, 


7 2 t1 


r^e 


= 


—oo 


ln(l + ^^)dr 

{qjT - z'-Y{qjT - Zj) 


/l^ajiee, HHTerpaji Jj CBefleivi k o^HOMepHOiviy: 




dPr 


cx; 

9{p)<pp r 

QjPx - Pj J QjPx - ^ 


00 00 


7 j j g{P)dP,dP, 


— 00 —oo 


(4.1) 


00 


TT 


Mr)d 


T 


QjT - Z^ 


Haftfleivi SHaMenaTejib Bbipa>KeHH5i (3.10): 


^/o(«) + = TT 


^Tk{r)dT = T(J] 


— 00 


QjT - Z. 


Bfle 


J] = 


QjT 


-n 


QjT - Z. 


yfo{r)dr. 


(4.2) 


CjieflOBaTejiBHO, CTOJiKHOBHTejibHbie KOHCTaHTbi 7j corjiacHO (3.10) paa- 


Hbi: 


4 

_dL.n 7 = 1 , 2 . 

Ji’ 

riepeftfleM k Haxo>K7eHHK) 70. MivieeM: 


( 4 . 3 ) 


Jl2 — 


qr — z' 


qiPy 


d ( dfo/dPy X , Hi - q^P, d^fo] d?P 


+ 


dP:, \q 2 Px - Z2' q 2 Px - Z2 dPk qr - z' 


P, 


d ( dfo/dPy \ d^P 


qiq 


J ^ ^dPx ^q 2 Px - Z2^ qr - z' 
Py[dh/dPy]d^P _ f fo{P)d^P 


{qPx - z'Y{q 2 Px - Z2) 


= -qiq 


{qP:, - z'Y{q 2 Px - Z2) 
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= -TiqiqJu, 


rfle 


oo 


/I — 
'^12 — 


AnajiorHHHO, 


rfle 


/I — 
-'21 “ 


ln(l + e“ 

/ {qr - z'y{q 2 T - Z 2 )' 

DO 

J 21 = -7Tq2qJli, 

00 

f ln(l + )(ir 

/ (^r - - ^1)’ 


SnaMeHaTejib (3.12) paBen: 


Tenepb 

S^ecb 


f g{P)SP f fo{r)dr 

—00 


7 r/o(«) + = ttJq^ 


4 = 


qr — ft 


qr — z 


y/o(r)(ir, 


r^e 


— 00 




r^i + ^2 


Cjie^OBaTejibHO, KOHCTanTa 70 paBna: 


(di ,q 2 ji . 


5 naoTHOCTb nonEPEBHoro toka 

HaiifleM njioTHOCTb sjieKTpHHecKoro TOKa 

2(fip 


} = e vf- 


(4.4) 


(4.5) 


(4.6) 


(4.7) 


j { 2 'kK)^ 

Bo BTopoM npnGjiHJKeHHH njiOTHOCTb sjieKTpHHecKoro TOKa paBHa: 

2ddp 


(5.1) 


j = e/ v[/o(P) + /i + b] 


{2'KhY 
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9to paBeHCTBO npeflCTaBHM b BH^e cyiviMbi flByx cjiaraeMbix: 


2e 


S^ecb 

i linear 


{ 2 TihY 
2e f 


fi(rp^ / f 2 (rp 


pinear , -quadr 


{ 2 'nhy 


vfid^p = 


2e 


r^e 


a TaKxce 


:quadr 


r^e 


dinear 

■Jy 


2e 

{ 27 Thy 


■quadr 

Jx 


{ 2 'nhY 

2 e 


Vyfid p = j 


Vyfid^p, 


^linear 

y 


( 0 , 1 , 0 ), 


{ 27 rh)^ j 

I v/ 2 dy=jr“‘qi,o,o), 

2e r r .,3 

Vxhd p. 


j = (ir*.ii‘”".o). 


{ 2 TihY J 

TaKHM oGpasoM, njioTHOCTb sjieKTpHHecKoro Toxa b njiasivie HivieeT cjiefly- 
lomyK) CTpyKTypy: 

• / •mifirli ^ 

:Jy 

Ms SToro paBeHCTBa bh^ho, hto nonepexHbiH tok, opToroHajibHbift bojiho- 
BOMy BexTopy, onpefleji5ieTC5i tojibxo nepBbiM, jiHHeiiHbiM npxGjiHxceHHeM, a 
npoflOJiBHbiH Tox, HanpaBjieHHbiH b^ojib bojihobobo BexTopa, onpefleji5ieTC5i 
xBaflpaTHXHbiM npxSjiHxceHHeM 4)yHxii,HH pacnpe^ejieHHsi. 

/],ajiee BexTop njioTHOCTH Toxa Sy^eivi oSosnaxaTb xepes 

j {jx^ jyi 0) • 

Sflecb jy - njiOTHOCTb nonepexHoro TOxa. CorjiacHO (5.1) xMeeivi: 


h ~ 


f 2d^p 2epyvT [ f 

e / Vyflj^r^ = -777-r^ / fiPyd P. 


(5.2) 


J ^ {2TihY {2TihY J ^ 

9tot tox HanpaBjieH b^ojib HanpxxceHHOCTx sjiexTpoMarHXTHbix nojieii, 
ero njiOTHOCTb onpeflejixeTCx tojibxo nepBBiM npxGjiHxceHHeM cJiyHxpHH pac- 
npeflejiOHHx (2.9). 

BTopoe npxSjiHJxeHHe cJiyHxpHH pacnpeflOJieHHx Bxjiafl b hiiothoctb TOxa 

HO BHOCHT. 

MoflCTaBHM (2.9) B (5.2). Mojiyxaeivi, xto 


2 ie^py 

{ 2 'nhYh 


Jx 


T 


j=i 


Py[dkldPy] , 3 r. 

qjP, - Zj 


(5.3) 
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9 tot tok coctoht h 3 flByx cjiaraeMbix, nponopii,HOHajibHbix nepboii CTe- 
neHH bejiHHHH HanpaxcenHOCTeH sjieKTpHxecKHx nojieii. 

YnpocTHM 3 Ty 4 )opMyjiy. SaivieTHM, hto bHyTpeHHHii HHTerpaji no nepe- 
MennoH Py paben: 


OO 



— OO 


p. 


dhjP) 

dP„ 


dP, = PJoiP) 


Py = + 0O 


Py = — O0 



MP)dPy. 


Cjie^ObaTejibHO, njiOTHOCTb nonepennoro Toxa corjiacno (5.3) pabna: 

. ^ f MP)d^p 

(2-KhfkT ^ ^ J QjPx - Zj ' 

BbinncjiHM bnyTpeHHHH ^bonnon nnTerpaji b njiocKOCTH [Py^Pz). Tor^a 
nojiynaoM, xto 


2i'Ke^p\ jp 

■ ( 2 nhfkT ^ . 


ln(l + '^^)dT 

qjT - Zj 


(5.4) 


HaiifleM nncjiobyio njiOTHOCTb KonpenTpapnio nacTnn, njiasMbi, OTbenaio- 
ni,yK) aGcojiiOTHOMy pacnpeflejiennio Oepivin—^npaxa 


CX) ^ 

AT f r ttd\ ^^Pt [ P‘^dP 

^ = I I 


{ 27 ThY {2TThY J 1 + 27 r^ 

0 

BocnojibsyeMcn cbxsbio nncjiobon njiOTHOCTH b pabnobecnoM coctoxhhh, 
Tenjioboro bojinoboro nncjia n GespasMepnoro xHivinnecKoro noTenpnajia: 


N = 


(5.5) 


bfle 


lo{a) = J ln(l + e“ )dT. 

0 

Tenepb njiOTHOCTb Toxa (5.4) moxcho npe^CTabHTb b bnfle: 


OO 


1 ^ ln(l + e“-^ ) , 

Jx = -W(^ 07 zrT-T 2^ Pj I ——--- 


2 /o(ck) 


j=i 


QjT - Zj 


OO 
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HJIH, KOpOHe, 

jx = c^oO'i^i + ^ 2 ^ 2 ), (5.6) 

r^e (jQ = e^N/mu - CTaTHnecKaa sjieKTpHHecKasi npoBO^HMOCTb, 

°° 2 

iy f ln(l + e““'^ ) 

2lo{a) J QjT - Zj 

— 00 

Oopiviyjiy (5.6) npeflCTaBHM b GecKOopflHHaTHOM (HHBapHaHTHOivi) BH^e: 

j = cro(jiEi + j 2 E 2 ). (5.7) 


B 4)opMyjie (5.7) 


= 


ly 


2lo{a) 


ln(l + e“-^') 
q.P - z,- 


dr. 


— 00 


Bfle 


q,P k,P 

= 7 = 1 , 2 . 


dj 


k, ’ 


Bbi^ejiHM 4)H3HHecKH SHaHHMyK) fleiicTBHTejibHyK) HacTB nonepeHHoro to- 
Ka. Hcnojibsya 4)opMyjiy (5.6) naxo^HM, hto 


Eb jx CTq 


y 


2 /o((a 


ln(l + e“ "^ ) X 


— 00 


y ^ y cos{kjX — LJjt) + {qjT — LJjt) sm{kjX — Ujt) ^ 


j=l 


(5.8) 


|®r - ftj - iyP 

Bflecb Eqj - fleiicTBHTejibHbie aivinjiHTyflbi Hanp5i>KeHHOCTeH sjieKTpHne- 
CKHX nojieft. 

Oopiviyjiy (5.8) Taxxce npeflCTabHM b 6ecKOopflHHaTHOM BH^e: 


(X) 


Re j = (Jo 


y 


2/0(0;) 


ln(l + e“-^')x 


X y] Eoj 

j=i 


^cos(kjr — ujjt) + (qjP — oJjt) sin(kjr — ujjt) 
Iq^P - Vtj - iy\^ 


dr. 
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6 njiOTHOCTb npo^ojibHoro toka 


AaJiee 6yfleM HCCJieflOBaTb npo^ojibHbm tok HMeioinHH bTopoii no- 

p5iflOK MajiocTH no bejinnnnaM HanpnnceHHOCTen ojieKTpnnecKHx nojien. By- 
flOM o6o3HanaTb otot tok j^. HMeeM: 


Jx = e 


Vxf 2 


2 d^p 

{2'nhy 


2epyvT 

{ 27 ThY 


P.hd^P- 


C noMoni,bK) pa3Jio>KeHH5i (3.12) npeflCTabHM npoflOJibHbiii tok b bn^e Tpex 
cjiaraoMbix: 

jx = E^ji + b'lb + EiE 2 jo. (6-1) 


Sflecb 


2 e^PTVT 

{ 27 Th)^ 


Pxil^jd^P, 


2 = 0 , 1 , 2 . 


ripeflCTabHM npeflbiflym,He Tpn paboncTba b 5ibhom bn^e, Bocnojiboobab- 
mncb CB5i3bK) nncjiOBOH njiOTHOCTH c TonjiOBbiM BOJiHObbiM nncjiOM H 6e3pa3- 
MepnbiM xHMHnecKHM noTenpnajiOM (5.5). B peoyjibTaTe nojiynaeM: 



e^N 

4:T[lQ{a)k^pyvT 



g{P)P,d^P 1 
QjPx Pj 


djPx - Zj 


2 = 1 , 2 , 

( 6 . 2 ) 


Jo 


e^N 

4:7TlQ{a)k^pyvT 


ly f g{P)P,d^P 1 [ Ei2{P)Px sp 
2 ^^ J qPx - z' Qi y qPx - z' 


_L [ -2l(P)Px ,3p 

^ 2 ] qPx-z' 


(6.3) 


BbinncjiHM HHTerpajibi: 

CX) 

r g(P)Pj^p r h(P)P^dP^ 

J QjPx J QjPx 

—oo 

H 

(X) 

r g(P)P^Sp r k{P}P,dP, 

J qPi- z' ^ J qP^ - z’ 

— OO 


'-A-' ^ 

irqj f ln(l + )dT 

2 J {djT - z'^Y 

— OO 

OO 

7rg f ln(l + )dr 

2 J {qr - z'Y 

— OO 
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/],ajiee 


"J3 


{V)P,SP 


QjPx - z'j 


qjPy ^ ~ 


dP:c \qjPx - ZjJ qjPx - Zj dP^ 
d fdfo/dPy^ PxcfP 


Pxd^P 

qjPx - z'. 


— Qj J Py 


qjz'y 


9Px ^qjPx ZjJ qjPx Zj 

Py[df0/dPy]d^P _ [ f0{P)d^P 


J idjPx Zj){qjPx Z-) 


2 = -dj^. 


[qjPx - Zj){qjPx - z'-f 


00 


—TrqjZ 


ln(l + e“ '^^)dr 


{pr - Zj){qjT - z'-Y' 


— 00 


AnajiorHHHO, 


-12(P)^x ,3 


H 


qPx - Z 


'='21 (P)Pc ,3 


^ ^ o r> ' 

yd P = —TTqiZ 


ln(l + e“ '^^)dT 
{q2T - Z2){qT - py 


— OO 


qPx - z 


yd^P = -7Tq2z' 


ln(l + e“ P)dT 
{qiT - Zi){qT - z'Y' 


B npeflbiflyinHx paBencTBax 6 bijih HcnojibsoBanbi cooTHomeHH5i: 

= 0 . 


OO 


dpf ^ ~ dp„ 


Py= + 00 


Py= — 00 


H 


[ pJL (JMPPl] 

^dPPqjP,-Zj)qjP, 


X ^ 


— OO 

r^e ] = 1 , 2 , 
00 


= q\z 


Py[dh/dPy\dPx 


3 


— OO 


{qjPx xj^{qjPx Zj) 


[ p 9 ( df(,/dPy \ P,dP, 

‘‘P ^ dPx\q2Px - Zj) qPx - z’ 


00 


= -qiz 


Py[dUldP,]dP, 


— OO 

00 


(dJgdPy \ PxdP 
J ^dPx yqiPx - Zj) qP, 


— Z' 


-q2z 


— OO 

OO 

/ / 


{q2Px - Z2){qPx - z'Y 

Py[dfYdPy\dPx 

{qiPx - zi){qPx - z'Y 
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00 


Py^dPy = Pyfo 


Py= + 00 OO 


00 


Py— OO _QQ 


- / MP)dPy = - j MP)dPy, 


H 



MP)dPydP, = 7rln(l + 


— OO —00 


Tenepb paBencTBa (6.2) h (6.3) cbo^htch k oflHOiviepHbiM HHTerpajiaivi: 

e^N 


Jj 


4:lo{a)k^p^VT 


iyqj /“ ln(l + e“ )dT 
-r 7 j / 


{qjt - z'^y 


— 00 




ln(l + e“ '^^)(ir 

J {djT - Zj){qjT - z'y^ 


— 00 


(6.4) 


H 


e^N 


Jo = 


qiz 


4:lo{a)k^p‘^VT 
ln(l + e^~'^^)dT 


00 


lyq I ln(l + e“ )dT 
—rlo / 


— 00 
OO 


+ 


q2Z 


J {q 2 T - Z 2 ){qT - z'Y ^2 J {qiT - Zi){qT - z') 


{qr — z'y 
ln(l + e““'^^)(ir 


— 00 


— 00 


(6.5) 


riepenHineM paBencTBa (6.4) h (6.5) c noMombio panee BBefleHHbix o6o- 
snaHeHHH (4.1), (4.2), (4.4), (4.5) h (4.6) h 3 n. 4: 


Jj 


e'^N 


H 


4:lQ{a)k^p^VT 
e^N 


iyqj^, j2 , djZj 1 


20 


wq^, j2 , ,1 , q2z ji 

■ + nT 


4:lQ{a)k^p‘^VT 
B paBencTBax (6.6) h (6.7) BBeflenbi o6o3HaHeHH5i: 


( 6 . 6 ) 


(6.7) 


OO 


r = 


H 


Jq — 


ln(l + '^^)dT 

{qjT - 2:^2 


ln(l + e“ '^^)(ir 
(gr — z'Y 


— 00 
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Tenepb BocnojibsyeivicH Bbipa>KeHH5iMH CTOJiKHOBHTejibHbix KOHCTaHT (4.3) 
H (4.7). B pesyjibTaTe nojiynaeM cjieflyioinHe BbipaxceHHsi cocTaBjisiioinHx 
npoflOJiBHoro sjieKTpHHecKoro Toxa: 


3j = 


e^N qjJ, 


1 

jj 


4:lQ{a)k‘^p‘^VT 


z' + 


H 


e^N 


Jo 


4:lo{a)k‘fp‘pvT 


, 2 4 




( 6 . 8 ) 


(6.9) 


B BbipaxceHHH nepefl HHTerpajiaMH h3 (6.8) h (6.9) BbiflejiHM njiasMeHnyio 
(jieHBMIOpOBCKyK)) xacTOTy 


riojiyxHM 


UJp 


e^N 


4:716^ N 


m 


o’Ltrkr 


4:lo{a)k^p‘^VT 167Tlo{a) 

34,ecb ai^tr ~ npoflOJiBHO-nonepexHasi npoBOflHMOCTb, 

\ - " I -'P ]‘^ 

Py \mv‘^ 


eh / hujp ^ 2 

~ ZJ' i ZZZJp 


/ Up \ 2 ^ 


eUl 


kxPT ^ kj^VT ' pTkx ^ 


n = 

^ krVT 

- 6e3pa3MepHa5i njia3MeHHa5i xacTOTa. 
Tenepb cocTaBji5nom,He Toxa paBHbi: 

^l,trkjJjj 


hUr 


mv 


T 


JJ 


Jo = 


167 r/o(Q()Qj 

^l,tr 




/I 

k,4l 

167rlo{a) V Qi 


^y(- 


( 6 . 10 ) 


+ /C 2 ^ 1 X 




^ kli + kl2 W 
^ 2 ^ ~2 


1 + 


qi + q2\‘^ 4 


2 J 1 


( 6 . 11 ) 


Bamehahhe. H3 4 )opMyji ( 6 . 10 ) H ( 6 . 11 ) bh^ho, xto npn ^ = 0 (hjih 
z/ = 0), T.e. xorfla CTOJixHOBHTejibnan njia 3 Ma nepexo^HT b SeccTOJixnoBH- 
Tejibnyx) [z -P- x^z' ^ x), sth 4 )opMyjibi nepexo^nT b 4 )opMyjibi fljin 6 ec- 
CTOJixHOBHTejibHOH njia 3 Mbi: 

00 

ai^trkj f ln{l 4-e^~^^)dPx 


Jj 


167 r/o(cK) 


pp. - 
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Jo = 


+ ^2) 

167 r/o(Q;) 




00 


ln(l + e“ '^^)dT 




00 


J [iqi + q2)r - {Qi + ^2Wiq2r-^ 2 ) 

—00 

ln(l + e^~'^^)dT 


^2 J [{,qi +q 2 )r - {yti + Vt 2 )Y{qiT-Vti) 

— 00 

Ecjih BBecTH nonepeHHBie sjieKTpHHecKHe noji5i 

k,(E,k,) „ qj(Ejqj) 


E 


tr 


Ej 


/cj 


E, 


9 


TO BBipa>KeHHe npoflOJiBHoro tokb mo>kho sanncaTB b HHBapHaHTOH 4)op- 
Me 

■\tr\2 I T 1 , {T^tr\ I TT'trTT'ir/ 


j = c7,.,r[Jiki{Ef)^ + J2k2(Ep + EfE|’'{Ji2ki + J2ik2)]. 


S^ecB 


^ 167r/o(<a) Qj V ' 4 




j}, 


-^12 — 


J 21 — 


UJ . - “J 

+ 4® j4’ 


167r/o((a) ill 


^ -^ 2 ^ / / , 2^ , 

167r/o((a) r22 ^ 4 Jq 


riepeftfleM k paccMOTpeHHio cjiyHaa iviajiBix SHaHenHii bojihobbix hhcoji. B 
jiHHeHHOM npnGjiHxceHHH no ki n k2 mbi nojiynaeivi: 

1 


Jj -- 

3l2 = 

421 = - 


87 TQj{Qj + iy/ 2 ){Qj + iy) 

2 

87rr^i(r^2 + iy){^i + ^2 + iy) ’ 
2 


871^22(^^1 + iy/ 2 ){^i + ^2 + iy) 

TaKHM o6pa30M, hiiothoctb npoflOJiBHoro Toxa b cjiynae MajiBix snanennH 
BOJIHOBBIX nnceji paBna: 


^l,tr 

871 


ki(Ef^2 


+ 




r2i(r2i + iy/ 2 ){Qi + iy) ^2(^2 + iy/‘^)i^2 + iy) 
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2EfE*’' / ki ^ k2 \ 

Qi + ^2 + W + w) ^ 2(^2 + w)^ 

Samehahhe. ripH y = 0 [ly = 0) W3 sthx 4)opMyji nojiynaeivi coot- 
BeTCTByiomHe 4)opMyjibi npoflOJiBHoro tokb b cjiynae Majibix snaHeHHH 
BOJIHOBOrO HHCJia B 6eCCTOJIKHOBHTejIbHOH njiaSMe. 

7 3AKJ1K)HEHME 

ripoBefleM rpa4)HHecKoe HccjieflOBaHHe ^eiicTBHTejibHbix h mhhmbix Ha- 
CTeii njioTHOCTeH GespasMepHbix ''nepeKpecTHbix” tokob J 12 h J 21 . B cjiy^ae 
OflHoro sjieKTpoMarHHTHoro noji5i b pa6oTe iza 6bijio npoBefleno rpa4)HHe- 
CKoe HccjieflOBaHHe GespasMepHoft HacTH npoflOJiBHoro Toxa. IlpH stom hc- 
cjieflObajiHCb cocTaBjisHomne GespasMepHbix njioTHOCTeii Toxa BH^a Ji (hjih 
J 2 ). ripH 3TOM HCnOJIbSOBajIHCb (]30pMyjIbI flJIH Ji HJIH J 2 . IloSTOMy B HHCTO- 
HipeH paGoTe Gy^eivi HccjieflOBaTb ''nepexpecTHbie” BejiHHHHbi J 12 h J 21 . 

Ha pHC. 1-4 npeflCTaBjieno noBeflenne fleHCTBHTejibHoii h mhhmbix HacTen 
HjiOTHOCTeii ''nepexpecTHbix” toxob npn SHaneHHHx BejiHHHHbi GespasMepno- 
ro xHMHHecxoro noTenpHajia a = 2,0, —5 b saBHCHMOCTH ot GespasMepnoro 
BOJiHOBoro HHCJia Qi, npn stom Hi = 1,112 = 0.5, q 2 = 0.1. Hpn stom na pnc. 
1 H 2 npHBOflHTCH HObefleHHe fleilCTBHTejIbHOH H MHHMOii HaCTeii TOXa J 12 , 
a Ha pnc. 3 h 4 npHBOflHTCH noBeflenne fleiiCTBHTejibHOH h mhhmoh HacTen 
TOxa J 21 . 

Ms pnc. 1 H 2 BHflHO, HTO fleHCTBHTejIBHaH HaCTb J 12 C pOCTOM qi HMeeT 
CHanajia MHHHMyM, a saTeM h MaxcHMyM. C pocTOM CTenenn BbipoxcfleHHH 
sjiexTpoHHoro rasa ybejiHHHBaeTCH oGjiacTb SHaHennii h fleHCTBHTejibHOH na- 
CTH, H MHHMOH. HpH 3TOM TOHXH 3XCTpeMyMOB CflBHraiOTCH B oGjiaCTb MajIbIX 
SHaHeHHH qi. Tohho Taxoe >xe noBeflenne oGnapyHCHBaeT h nepexpecTHan 
HaCTb TOXa J 21 . OflHaXO, C pOCTOM BejiHHHHbi XHMHHecxoro HOTCHpHajiay 
MHHMOii HaCTH nOHBJIHCTCH H MHHHMyM. 

Ha pnc. 5-8 npeflCTabHM noBCflCHHe fleiicTBHTejibHbix h mhhmbix HacTeii 
HjiOTHOCTeii J 12 (pnc. 5G6) h J 21 (pnc. 7G8) npn Hi = 1, ^2 = 0.1 h npn 
H 2 = 0.1, 0.2, 0.3 B saBHCHMOCTH OT GcSpaSMCpHOTO BOJIHOBOrO HHCJia qi- 

Hs 3THX pHCyHXOB BHflHO, HTO flCHCTBHTCJIBHaH HaCTb HJIOTHOCTH "nCpC- 
XpeCTHOro” TOXa HMCIOT O^HH MHHHMyM H OflHH MaXCHMyM, npHHCM C pOCTOM 
qi 3TH BCJIHHHHbl CTpCMHTCH X HyjIIO. C pOCTOM HaCTOTbl XOJIcGaHHH BTOpOTO 
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sjieKTpoMarHHTHoro noji5i BejiHHHna MaKCHMyivia yMenbinaeTCsi, a BejiHHHna 
MHHHMyMa yBejIHHHBaeTC5I. MHHMaSI HaCTb TOKa Ji 2 HMeeT OflHH MaKCHMyM. 

C pOCTOM BOJIHOBOrO HHCJia qi MHHMbie HaCTH Ji 2 HeSaBHCHMO OT HaCTO- 
Tbl KOJieGaHHH BTOpOrO SJieKTpOMarHHTHOrO nOJI5I Q 2 c6jIH>KaK)TC5I H npH 

—)■ 00 COBnaflaiOT. njIOTHOCTH J 2 I MHHMbie HaCTH Bcex KpHBbIX COB- 

naflaiOT h npn Majibix h npn 6ojibHiHx SHaneHHHx nepboro bOJiHOboro HHCJia. 
Otmcthm TaKHce, hto MHHMbie HacTH "nepeKpecTHbix” tokob HMeiOT mbkch- 
MyM npH bcex SHaneHHHx nacTOTbi KOJieSaHHH BToporo sjieKTpoMarHHTHoro 
HOJiH. ripH yMeHBHieHHH HacTOTbi KOJie6aHHH nepBoro sjieKTpoMarHHTHoro 
HOJIH y MHHMbIX HaCTeft nOHBJIHeTCH MHHHMyM. IlpH yMeHBHieHHH HaCTOTbl 
KOJie6aHHH ill BejiHHHHa MaKCHMyMa ynejiHHHBaeTCH, a MHHHMyMa - yMenn- 
HiaeTCH. 

B HacTonmeH pa6oTe pemena cjieflyiomaH saflana: b njiasMe c npoHS- 
BOJiBHOH CTeneHbK) BbipoHCfleHHH sjieKTpoHHoro rasa, pacnpocTpaHHiOTCH flbe 
SJieKTpOMarHHTHbie BOJIHBI C KOJUIHHeapHblMH BOJIHOBbIMH BeKTOpaMH. YpaB- 
Henne BjiacoBa pemaeTCH MeroflOM nocjieflOBaTejiBHbix npHGjiHxceHHH, chh- 
Tan MajiBiMH napaMerpaMH oflHoro nopH^Ka BejiHHHHBi HanpHxceHHOCTeH co- 
OTBeTCTByiOHI,HX SJieKTpHHeCKHX HOJIBH. McHOJIBSyeTCH KbaflpaTHHHOe pas- 
jiOHceHHe 4)yHKH,HH pacnpeflejieHHH. 

OKasajiocB, hto yneT HejiHHeiiHOCTH sjieKTpoMarHHTHBix nojieii oSnapy- 
HCHbaeT renepHpoBaHHe sjieKTpHHecKoro TOKa, opToronajiBHoro k nanpaB- 
jieHHK) sjieKTpHHecKoro HOJiH (T.e. HanpaBjieHHK) nsBecTHoro KjiaccHHecKO- 
ro HonepeHHoro sjieKTpHHecKoro TOKa). HaHflena BejiHHHHa nonepenHoro h 
npoflOJiBHoro sjieKTpHnecKHx tokob. PaccMOTpen cjiynaH Majibix SHaneHHH 
BOJiHOBbix HHceji. IlpoBefleHO rpacJiHHecKoe HccjieflOBaHHe tbk nasbiBaeMbix 
"nepeKpecTHbix" cjiaraeMbix J12 h J2I5 cocTaBji5HOHi,Hx BejiHHHHy hjiothocth 
npoflOJiBHoro ojieKTpHnecKoro TOKa. 

B flajiBHeHHieM aBTopbi naMepenbi paccMOTpeTb sa^aHH o KOJie6aHH5ix 
HJiaSMbl H O CKHH-OcJicJieKTe C HCHOJIbSObaHHeM KBa^paTHHHOrO HO HOTOH- 
pnajiy pasjioxceHHH cJiyHKpHH pacnpeflejieHHH. 
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Fig. 1. Real part of dimensionless density of longitudinal "crossed" current J 12 , 
fli = 1, f22 = 0.5, q 2 = 0.1. Curves 1, 2, 3 correspond to values of dimensionless chemical 

potential a = 2, 0, —5. 



Fig. 2. Imaginary part of dimensionless density of longitudinal "crossed" current J 12 , 
fli = 1,122 = 0.5, g 2 = 0.1. Curves 1, 2, 3 correspond to values of dimensionless chemical 

potential a = 2, 0, —5. 
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Fig. 3. Real part of dimensionless density of longitudinal "crossed" current J 21 , 
= 1,^2 = 0.1. Curves 1,2,3 correspond to values of dimensionless oscillation 
frequency of second electromagnetic field VL 2 = 0.1, 0.2, 0.3. 



Fig. 4. Imaginary part of dimensionless density of longitudinal "crossed" current J 21 , 
Ill = 1,^2 = 0.1. Curves 1,2,3 correspond to values of dimensionless oscillation 
frequency of second electromagnetic field 112 = 0.1, 0.2, 0.3. 
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Fig. 5. Real part of dimensionless density of longitudinal "crossed" current J 12 , 
fli = 1, f22 = 0.5, q 2 = 0.1. Curves 1, 2, 3 correspond to values of dimensionless oscillation 
frequency of second electromagnetic field f22 = 0.1, 0.2, 0.3. 



Fig. 6. Imaginary part of dimensionless density of longitudinal "crossed" current J 12 , 
Ill = 1,172 = 0.5, q 2 = 0.1. Curves 1, 2, 3 correspond to values of dimensionless oscillation 
frequency of second electromagnetic field 172 = 0.1, 0.2, 0.3. 
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Fig. 7. Real part of dimensionless density of longitudinal "crossed" current J 21 , 
= 1,^2 = 0.1. Curves 1,2,3 correspond to values of dimensionless oscillation 
frequency of second electromagnetic field VL 2 = 0.1, 0.2, 0.3. 



Fig. 8. Imaginary part of dimensionless density of longitudinal "crossed" current J 21 , 
Ill = 1,^2 = 0.1. Curves 1,2,3 correspond to values of dimensionless oscillation 
frequency of second electromagnetic field 112 = 0.1, 0.2, 0.3. 
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